HeZicobacter pyZori is associated with various gastrointestinal disorders. Lethal photosensitisation was investigated as a possible technique for killing H. pyZori which might offer a better alternative to antibiotics. The susceptibility of H. pyZori to lethal photosensitisation was determined by mixing suspensions of H. pylori with various photosensitisers and plating out on blood agar before irradiation with low-power laser light. Five sensitisers were studied further by mixing them with H. pyZori in a tissueculture plate and counting survivors after irradiation as a function of laser exposure time, dye concentration and pre-irradiation time. Crystal violet and thionin were ineffective as sensitisers, but zones of inhibition appeared with methylene blue (MB), protoporphyrin IX (PPIX), haematoporphyrin derivative (HPD), toluidine blue 0 (TBO) and disulphonated aluminium phthalocyanine (S2). Laser light or sensitiser alone did not affect bacterial viability. S2 (100 pg/ml) with a laser light energy density of 16 J/ cm2, HPD (100 pg/ml) with 160 J/cm2, MB (100 pglml) with 21 J/cm2, PPIX (150 pglml) with 320 J/cm2 and TBO (50 pglml) with 160 J/cm2 all reduced bacterial viability by > 99%. The killing of sensitised H. pyZori by laser light offers a new approach to the treatment of localised infections when all colonised areas are accessible to light.
Introduction
H. pylori has been found to be associated with type B gastritis, duodenal and gastric ulcers and, more recently, with carcinoma of the stomach [14] . Eradication of the bacteria leads to resolution of the histological and immunological changes associated with gastritis and a marked reduction in duodenal ulcer relapse rate [5, 6] . This eradication is conventionally achieved with broadspectrum antibiotics, usually in conjunction with bismuth or omeprazole [6-81. The most commonly recommended combination consists of bismuth, amoxycillin (or tetracycline) and metronidazole. Although these combination therapies may achieve eradication rates of over 80% [6] , there are risks to the individual patient and the population in general through the widespread, prolonged use of broad-spectrum antibiotics and bismuth. These risks include rising rates of antibiotic resistance [9, 101 and alteration of the natural microflora at other sites; moreover bismuth compounds have specific neurotoxic side-effects [ 1 13 . Therefore, there is a need for an alternative means of killing H. pylori. One possible approach is to use photodynamic therapy (PDT) which involves the killing of an organism by low-power laser light in the presence of a photosensitising agent. Excitation of the sensitiser by absorption of light of the appropriate wavelength converts the sensitiser to its photoactive triplet state, which in turn reacts with either a local substrate (type 1 reaction) to form cytotoxic radicals, or with molecular oxygen (type 2 reaction) to produce cytotoxic singlet oxygen ( ' 0 2 * ) [ 12,131. H. pylori is usually found on the gastric mucosa, but will also seek out mucosa of gastric type elsewhere, i.e., metaplastic epithelium in the duodenum and Barrett's oesophagus. All these sites are accessible to an endoscope, which means that PDT could be a feasible alternative to antibiotic therapy.
The first demonstration of lethal photosensitisation of microbial cells was recorded nearly 100 years ago [ 141. Subsequently, gram-positive and gram-negative bacteria, mycoplasmas, yeasts and viruses have all been shown to be susceptible to the technique [15-171. In 1990, Bedwell et al. [18] reported that H. pylori can also be killed in this way with aluminium sulphonated phthalocyanine (a mixture of di-, tri-and tetra-sulphonated derivatives) as sensitiser and laser irradiation at 675 nm. The purpose of the present study was to screen the disulphonated derivative and other compounds for their ability to sensitise H. pylori to killing by low-power laser light and to investigate the effects of parameters such as sensitiser concentration, time of exposure to sensitiser and light dose, on bacterial killing.
Materials and
Organism H. pylori NCTC grown on blood micro-aerophilic methods 11637-1 1 was used in the study. It was agar plates for a period of 72 h in a atmosphere (Oxoid SR 056) and then suspended in Wilkins-Chalgren (WC) broth at neutral pH and vortex mixed to achieve a uniform suspension for these experiments.
Laser sources and photosensitisers
Seven photosensitisers were tested: toluidine blue 0 (TBO; Sigma), haematoporphyrin derivative (HPD; Paisley Biochemicals, Glasgow), methylene blue (MB; Sigma), crystal violet (CV; Sigma), thionin (Sigma), protoporphyrin IX (PPIX, sodium salt; Sigma) and aluminium disulphonated phthalocyanine (S2; from Professor D. Phillips, Imperial College, London). Each sensitiser was prepared in WC broth and filter-sterilised immediately before use.
For S2 and MB an 11-mW gallium-aluminiumarsenide (GaAlAs) laser (Omega Fibres and Technology) was used. This emitted light with a wavelength of 660nm and a beam diameter of 9mm, at a power density of 17 mW/cm2. A 7.3-mW helium-neon (HeNe) gas laser (NEC, Japan) was used with the other five sensitisers. This continuous wave laser emitted light with a wavelength of 632.8 nm in a beam with a diameter of 1.3 mm, at a power density of 500 mW/cm2.
Determination of the eSfect of laser light on bacterial viability
Screening assay. Two ml of the bacterial suspension were added to 2 ml of sensitiser solution and mixed thoroughly. After incubation for 5 min, 1 ml was spread over the surface of a dry modified blood agar (Blood Agar Base No. 2 with selective supplement SR089E, Oxoid) plate which was then allowed to dry at 37°C before irradiation with light from a HeNe or GaAlAs laser for up to 5 or 30 min, respectively (1 + s +).
Control plates consisting of the bacterial suspension plus WC broth in place of the dye solution were treated in exactly the same fashion to determine the effect of the laser light alone on bacterial viability (1 + s -). A further two plates were prepared as above with bacterial suspension and dye but were not exposed to laser light (1 -s +). Hence, the effect on bacterial viability of the photosensitiser alone could be ascertained. Two plates consisting of the bacterial suspension and WC broth alone were left unirradiated (1 -s -).
Plates were incubated at 37°C for 3-5 days in a micro-aerophilic atmosphere and then examined for zones of inhibition of bacterial growth.
Quantitative assay. One hundred pl of the bacterial suspension were pipetted into one well of a 96-well tissue-culture plate followed by 100 pl of sensitiser in WC broth and a 4-mm sterile mixing bar. After mixing for various pre-irradiation times, the contents of the well were exposed to the laser light while mixing with the magnetic stirrer continued. At the end of the exposure period, 100 pl were pipetted from the well into 900 pl of sterile broth. Serial dilutions were then prepared according to the Miles and Misra technique and plated on to modified blood agar to determine the number of surviving organisms. Bacteria treated with both sensitiser and laser light were designated (1 + s +). Colony counts were performed after incubation of plates in a micro-aerophilic atmosphere for 5 days at 37°C. All experiments were performed with minimal exposure to ambient light. Three variables were studied: sensitiser concentration, laser exposure time and pre-irradiation time (time of exposure of organism to sensitiser before irradiation with laser light). Control wells were arranged to observe the effect on bacteria of these three variables in isolation.
Effect of sensitiser concentration. To determine the minimum dye concentration capable of sensitising the organism to killing by the chosen dose of laser light, TBO and HPD were used at final sensitiser concentrations of 25, 50 and 100 pg/ml. MB and S2 were diluted to final concentrations of 10, 50 and 100 pglml. PPIX was diluted to final concentrations of 100, 150 and 250 pg/ml. The energy density used for PPIX, TBO and HPD was 160 J/cm2 ( 5 rnin of laser exposure time), for S2 was 15 J/cm2 (15 rnin exposure) and for MB was 21 J/cm2. The pre-irradiation time (PIT) was 5 rnin for all sensitisers. Control wells were filled in the same way with 100 pl of bacteria and 100 pl of sensitiser in varying concentrations. They were not exposed to laser light but were mixed for the same period (PIT) as the test wells and were denoted (1 -s +). 'Light only' control wells were processed in an identical manner except that WC broth was added in place of sensitiser and the well was exposed to laser light (1 + s -).
Additional controls consisted of unirradiated sensitiserfree (1s -) bacterial suspensions. Serial dilutions and plating out facilitated counting of survivors as for test wells.
Effect of laser light exposure time. The HeNe laser exposure time was increased to 10 min (energy density of 320 J/cm2), with HPD 50 pg/ml and TBO 100 pg/ml, and from 1 to 20 rnin (320 J/cm2) with PPIX 150 pg/ml. GaAlAs laser exposure time was varied from 5 to 25 min (5-25 J/cm2) with an S2 concentration of 100 pg/ml, and from 1 to 20 min (1-20 J/cm2) with MB 100 pg/ml. The PIT was 5 min for all test and control wells. Control wells (1 -s -, 1 + sand 1s +) were exposed to the non-culture environment for the same period as the longest laser exposure time.
Light only wells (1 + s -) were exposed to the highest energy density used for the equivalent sensitiser.
Effect of pre-irradiation time. With a laser light exposure time of 5 min for TBO (50 pg/ml) and HPD (100 pglml) the PIT was varied from 0 to 30 min. PIT was varied from 0 to 4 h with S2 at a concentration of 100 pg/ml (energy dose 15 J/cm2) and from 0 to 3 h with MB 100 pg/ml (energy dose 2 1 J/cm2) and 150 pg/ ml PPIX (energy dose 160 J/cm2). Control wells (1 -s -, 1 + s -, 1 -s +) were exposed to the maximum PIT for the sensitiser under test.
Statistical analysis of the results was performed in the following way: each 'well' yielded two viable counts and two wells were used for each sample. A Student's t test was performed on the data, comparing the mean count of each test well (1 + s+) with that of the unirradiated, sensitiser-free control (1 -s -). The two control wells (1s +) and (1 + s -) were also compared with the unirradiated sensitiser-free control (1 -s -).
Results
Irradiation of the bacteria with either laser for up to 30 min in the absence of a sensitiser had no detectable effect on the viability of the organism in any of the experiments. Similarly, at the concentration employed, TBO, MB, PPIX, HPD and S2 had no detectable effect on bacterial viability in the absence of laser light.
The results of the screening assay are given in Table  1 . No zones of inhibition of bacterial growth were seen when H. pylori was irradiated with HeNe laser light in the presence of CV or thionin. However, zones of inhibition were seen when the organism was irradiated in the presence of TBO at a final concentration 50 pg/ml, MB 100 pg/ml, PPIX 150 pg/ml, HPD 100 pg/ml and S2 100 pg/ml. Laser light alone caused areas of haemolysis on the blood agar plate. To control for any possible effect this may have had on bacterial growth, two plates were exposed to laser light prior to the bacteria being spread over the surface. There was no evidence of growth inhibition in the irradiated zones after incubation for 5 days.
The quantitative assessment of PPIX, S2, TBO, MB and HPD showed that only HPD at its highest concentration (100 pg/ml) had a significant effect on bacterial viability (33% reduction) in the absence of laser light at the concentrations used. Similarly, the laser light alone had no statistically significant effect on bacterial viability. The results of the quantitative assays with each sensitiser are given in Tables 2 to 6 and Table 7 was calculated with the minimum values required to achieve at least logl$ reduction in bacterial numbers for each sensitiser. The efficacy of both TBO and PPIX were markedly improved by increasing their PIT, but varying the pre-irradiation time had no effect for the other photosensitisers. Table  8 gives the extinction coefficients for each of the seven sensitisers in WC broth at the wavelength used in the screening experiment.
Discussion
This study has shown that H. pylori can be killed by low doses of laser light after sensitisation with S2, PPIX, TBO, HPD or MB, but not after treatment with CV or thionin. Irradiation of H. pylori with light from either the HeNe or GaAlAs lasers, in the absence of sensitiser, had no effect on bacterial viability. A zone of inhibition on an agar plate may sometimes result from the killing of only a small number of organisms. However, the quantitative data confirmed an appreciable reduction in numbers of H. pylori when S2, HPD, PPIX, MB and TBO were used with the appropriate laser light source.
The apparent failure of CV and thionin to sensitise H. pyZori may at first seem surprising, especially as thionin is structurally similar to TBO, a very effective (15) . . . . . . 23 (6) . . . 42 (6) 0.09 (0.06)* 28 (12) . . . ...
. . .
2.6 (0.5) 0.1 (25) . . . ... . . . photosensitiser of this organism. However, the efficacy of any sensitiser is dictated by its light absorbance at the wavelength emitted by the light source. Table 8 shows the extinction coefficients of each of the seven sensitisers, at the appropriate laser wavelength. Although thionin and CV do have a low absorbance at the wavelength used, there must be other factors involved (such as sensitiser uptake by the organism) as the value for HPD is also low and yet it was found to be a very effective photosensitiser. . . . . . . 22 ... HPD was shown to exhibit some toxicity to H. pylori in the absence of laser light. However, this dark toxicity was seen only at 100 pg/ml, and has not been found by others [22] ; its significance is not clear. A dose-dependent killing of sensitised bacteria was observed with respect to laser exposure time, as for TBO. HPD has been shown to be an effective photosensitiser of other gram-negative organisms, and Wolfson et al. [22] have recently reported successful lethal photosensitisation of H. pylori attached to a gastric carcinoma cell line (Kato 111) with HpD, at the same concentration as in the present study, and energy doses of between 1 and 10 J/cm2 supplied by a 200 W Xenon arc lamp (with a 515-nm long pass filter). This concurs with the results presented here, where an energy dose of 66 J/cm2 resulted in a 100% kill. They also found that uptake of the sensitiser was effectively instantaneous. The efficacy of three of the five sensitisers investigated in this study was shown to be similarly unaffected by pre-irradiation time, although for TBO and PPIX, increasing the pre-irradiation time did increase the bacterial kill. However, as the uptake of sensitiser may occur at any time during laser exposure and the laser exposure time was 5 min for HPD, PPIX and TBO, 15 min for S2 and 20 min for MB, the uptake cannot be said to be instantaneous on the basis of the data from this study.
For aluminium disulphonated phthalocyanine (S2), the energy density necessary to kill 99% of bacteria (31 J/cm2), was much lower than that necessary to kill the same number with TBO, PPIX and HpD with the HeNe laser (1 60 J/cm2) with comparable concentrations of photosensitiser. This may be explained by the differences in their extinction coefficients. One other report [ 181 described successful lethal photosensitisa-tion of H. pylori with aluminium sulphonated phthalocyanine (mean sulphonation of three) as a sensitiser. In their experiment, H. pylori was incubated with the phthalocyanine for 4 h before exposure to laser light for a m h e r 300 s from a copper vapour pumped dye laser at 675 nm. Their phthalocyanine was a mixture of sulphonated derivatives whereas this study employed a pure S2 compound. Table 5 shows that higher energy doses of up to 320 J/cm2 are necessary to achieve orders of bacterial killing with PPIX similar to those of other sensitisers. Such a high energy dose raises the question of potential damage to the underlying mucosa, and any in vivo experimental work would require over-irradiation of mucosa to define the limits of safety with respect to light doses. PPIX is one of the compounds produced during haem synthesis and will accumulate for a few hours before its conversion to haem if the pathway is saturated by bypassing the previous rate limiting step, which is the production of 5-amino laevulinic acid (ALA) by administration of excess exogenous ALA [23] . Regula et al. [24] demonstrated mucosal extraglandular fluorescence in human colonic and gastric mucosa 7-9 h after oral ALA administration which they concluded was evidence of PPIX excretion from the cells. As H. pylori congregate close to the mucosal surface it is possible that they could be exposed to PPIX.
The photochemistry and photobiology of MB has been reviewed recently as this particular histological dye has been known to be an effective sensitiser for use in PDT for over 60 years [25] . Micro-organisms already known to be photo-inactivated by MB include herpes viruses, HIV and many other viruses, Proteus mirabilis, E. coli and Salmonella typhimurium [25] . Also, Karita et al. [26] reported that MB was effective against H. pylori in vivo, without light activation, in their nude mouse model. Even though they achieved only a modest reduction in viable counts of bacteria, their data indicate that the sensitiser could access the bacteria after oral dosing. Dark toxicity was not found with the much lower concentrations used in the present study (50 and 500 pg/ml) whereas Karita et al. employed a MB concentration of 3 mg/ml. It is generally accepted that the type I1 reaction involving production of singlet oxygen (lo2*) is the most effective mechanism of oxygen-dependent cytotoxicity in PDT in mammalian cells [27] and that this reaction is involved with the membrane-bound photosensitisers S2, HPD and PPIX. However, the presence in prokaryotic and eukaryotic cells of high concentrations of reducing agents such as NAD(P)H and glutathione could favour a type 1 mechanism, so those sensitisers that gain access to the cytoplasm may act via one or both pathways. Experiments with MB aimed at protecting E. coli from lethal photosensitisation by employing free radical and superoxide scavengers suggest that both pathways are important, but similar work with S. lutea points towards singlet oxygen as the sole agent responsible [25]. In conclusion, it seems likely that each bacterial sensitiser interaction will be specific in its site of action and primary mechanism.
The results of this study have shown that H. pylori can be killed by low-power laser light following sensitisation with HPD, TBO, MB, PPIX or S2. The strain used in these experiments was laboratory adapted and clinical isolates might exhibit different sensitivities. However, the study demonstrated the successful killing of a gram-negative bacterium without the need for the membrane disrupting agents required with other gram-negative organisms [ 15,2 13. Given that H. pylori only colonises those areas of the upper gastrointestinal tract that are accessible to the endoscope and that energy doses required to effect bacterial killing are small, a local treatment for H. pylori becomes a possibility. The discussion above described how PPIX and MB are likely to be able to get to the regions colonised by H. pylori. Another recent publication [28] shows that some minor histological changes can be produced by spraying HPD on to the gastric mucosa of pigs followed by light treatment, suggesting that HPD can also be absorbed locally in the stomach and so get to the site of H. pylori colonisation. As three of the five successful sensitisers have been shown to gain access to the areas and level of the stomach where H. pylori is found, further investigation of this particular application of PDT is justifiable [24,26,28].
There are rodent data (our own unpublished observations) that suggest that gastric mucosa sensitised with MB would be unaffected by the energy doses used in this study as well as preliminary data from the pig model that elicited only minor and reversible histological changes in gastric mucosa sprayed with HPD and subsequently exposed to energy doses of 100 Jl cm2 [28] . No such data exist for man, but doses are likely to be comparable. Clearly there are difficulties that would have to be overcome. Much further work is required to see if drug and light doses can be found that can eradicate the bacteria in vivo without unacceptable damage to the underlying mucosa. Even if this can be done, there is the major technical challenge of delivering adequate light doses to all areas of potentially infected mucosa. It would not be feasible for the same light dose to be delivered to all areas, but it is more important that a minimum light dose reaches every relevant site as excess light is unlikely to cause harmful effects. Some form of balloon to flatten mucosal folds in the stomach which also acts as a diffise light source could provide a solution. The potential advantage of such a local therapy for H. pylori infection and the low likelihood of resistance developing suggest that fwrther investigation of this technique is warranted.
